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Glassy behavior (including hysteresis, irreversibility, a peak in the zero-field-cooled magnetization,
and nonexponential relaxation) is observed in a quenched ferrofluid system consisting of 50-A magnetite
particles. An Arrott plot, M vs H/M, shows clear features of random anisotropy similar to what is
found in amorphous ferromagnets. We discuss the g1assy behavior in terms of both the random anisotro-
py and the dipole interactions, and we contrast the unusual response of our system with canonical spin
glasses.
PACS numbers: 75.50.Lk, 75.50.Mm
Magnetically disordered systems have been intensively
studied in recent years [1]. In particular, spin glasses,
with competing interactions, and random-field magnets,
with random eAective magnetic fields at the local sites,
have been the focus of much attention. Very little work
has been done on systems with dipole interactions largely
because millikelvin temperatures are required in order to
achieve ordering [2]. Recently, disordered systems with
random magnetic anisotropy [3] have been investigated
both theoretically and experimentally. Such systems in-
volve magnetic moments with easy magnetization axes,
due to local crystal fields, which are diff'erent from site to
site. The theory [4] for such systems was originally
developed in order to explain the unusual behavior of
amorphous ferromagnets. Systems with random anisotro-
py plus competing interactions remain essentially unex-
plored. In this paper we report studies on a system which
has both dipole-dipole interactions and local random an-
isotropy.
The experiments were performed on a ferroAuid, a
solution of magnetic particles suspended in a nonmagnet-
ic solvent [5] as shown schematically in the illustration in
Fig. 1. For our sample the magnetic material is mag-
netite, Fe304, with a mean particle diameter of 50 Ilt and
a standard deviation of ~ 16 A. Each particle is a ferri-
magnetic microcrystal. In order to avoid clustering, each
particle is coated with a —20-A-thick nonmagnetic sur-
factant layer. The Curie temperature for bulk magnetite
is =850 K [6], which is much higher than the freezing
temperature of 210 K of the solvent, a hydrocarbon oil.
For our particle size there is a single domain within the
particle [5], and to a very good approximation we can
take each whole grain as a rigid moment at low tempera-
ture. The average moment of each particle p is about
3000ptt, where ptt is the Bohr magneton [7]. Earlier
magnetization measurements of ferrofluid samples [8] in-
volved much larger particles so that the moment was con-
strained to point along the easy axis of the particle.
Thus, each dipole became immobilized at the freezing
temperature of the solvent. In our system, by contrast,
the dipoles can change their orientation below the freez-
ing point of the solvent and the ground state is deter-
mined by the magnetic interactions between the dipoles.
The moments interact with one another through the
magnetic-dipole interaction: J;~ =It;p~. (1 —3cos 8I)/r .
The large p; moves the characteristic interactions from
the millikelvin to the kelvin temperature range. This in-
teraction can be either ferromagnetic or antiferromagnet-
ic depending on the relative orientation of each dipole.
This suggests that a disordered dipolar system may
behave as a spin glass [2,9]. Inside each particle the crys-
tal field creates easy axes for the magnetic moment of the
grain. Electron microscopy has indicated that the parti-
cles in our sample are basically spherical so that shape
anisotropy is unimportant. For temperatures slightly
below 100 K, the crystal structure of magnetite changes
from cubic to monoclinic and the system develops a uni-
axial easy axis [10]. As the solvent freezes, each easy
axis is frozen in a random orientation so that the only re-
laxation process is spin rotation relative to the particle.
The spins experience a random anisotropy due to the
frozen easy axes.
Our sample, sealed inside a small quartz tube with
epoxy, was placed in a SQUID magnetometer and cooled
in zero field from room temperature to a temperature
below the freezing temperature of the solvent. During a
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FIG. I. Field-cooled (FC) and zero-field-cooled (ZFC) mag-
netization vs temperature at H =10 G. The illustration shows
randomly oriented magnetite particles of median diameter 50 A
and a surfactant layer of —20 A.
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measurement the magnetic-field variation is less than
0.05%. The Auid was examined by electron microscopy
and no agglomeration was found.
The main part of Fig. 1 shows the magnetization M
versus temperature T in a field H=10 G. The lower
curve, marked ZFC (for zero-field cooled), was obtained
by first cooling the system in zero magnetic field from
150 to 4.5 K. The magnetic field H is then applied and
the magnetization is measured while the temperature is
increased. The upper curve, marked FC (for field
cooled), is obtained in a similar manner except that the
sample is cooled in the measuring field. The two curves
are the same for temperatures above about 80 K, but
depart from one another at lower temperatures. The
ZFC curve peaks at T~,, „=21 K and the FC curve con-
tinues to increase with decreasing temperature. Both the
fact that the two curves depart from one another at a
temperature much higher than T „. „and the fact that the
field-cooled magnetization continues to increase without
saturation below T „. „distinguish this system from what
is observed in canonical spin-glass systems. We presume
that the distribution of particle size produces a broad
peak in the ZFC curve instead of a sharp cusp as in a
spin glass. Nanometer particles in an insulating medium
also show a peak in the ZFC curve and an FC curve
which continues to increase on lowering the temperature
[1 ll. However, in those cases the peak in the ZFC curve
is associated with the superparamagnetic blocking tem-
perature which depends on the time scale of the measure-
ment. The time dependence of the peak in our ZFC
curve is considerably slower than what would be expected
from superparamagnetic blocking and appears to saturate
at long times. This indicates that even in the limit of
infinite waiting times, the peak would occur at a finite
temperature. In addition, as we explain below, the evi-
dence suggests that our peak is due to interactions be-
tween the grains.
The peak in the ZFC curve is field dependent as shown
in Fig. 2, where T „, „ is plotted against H. To determine
whether T,. „ is a collective effect or simply the blocking
temperature of a superparamagnet, the dependence of
T „. „on dipole concentration was explored. Samples with
different volume fractions of magnetite, a= V /V, were
obtained by changing the amount of solvent. Thus, the
distribution of particle sizes should be the same in all
samples. Figure 2 also shows the H dependence of T „. „
for the different concentrations a=0.002, 0.02, and 0.04.
For low fields T,. „shifts nonlinearly to higher values
with increasing concentration. All the curves merge at
about a few hundred gauss; for fields larger than this
value, T,. „decreases with increasing field for all the
samples. The largest T,. „ is 26 K, found in the most
concentrated sample. In order to calculate the magnetic
energy associated with this temperature we set pHO
=kg T „. „and obtain Ho = 150 G. This suggests that for
fields larger than 150 G the magnetic energy dominates
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FIG. 2. H vs T,. „the peak position in the ZFC curve, for
three volume fractions c of magnetite. At low fields the interac-
tions dominate, with all curves merging at large H.
the interaction energy. In this regime the differences be-
tween the concentrations should be diminished. The field
where the curves merge approximately coincides with Ho
and lends credence to the idea that for magnetic fields
less than a few hundred gauss the interaction energy
dominates the behavior.
It is worth comparing our results for T,„(0) with.
work on the canonical spin glasses Ag:Mn and Cu:Mn.
In those materials, T~,„is roughly in.dependent of 0 for
small fields [12]. In contrast, for our samples we find an
unusual increase in T,. „with increasing field at small H.
Here, the application of an external field apparently in-
creases the barriers to spin reorientation. In the spin
glasses, the field dependence of the irreversible tempera-
ture T;,„, below which the ZFC and FC curves start to
differ, is consistent with the de Almeida-Thouless line
[12,13]. For the ferroIIuid, the irreversibility starts very
gradually far above T „. „and the irreversible temperature
T;„„is difficult to specify.
In order to determine the anisotropy strength, we have
measured hysteresis curves. Figure 3 shows the results at
4.5 K for the v=0.02 mixture. We obtain the anisotropy
constant K from the following relations: K = —,' times the
area of the hysteresis cycle [14] and the anisotropy for
magnetite, K =K/s=2. 3X 10 ergs/cm . The tempera-
ture corresponding to the anisotropy energy D is D/ks
=K V/kg = 10 K, where kg is the Boltzmann constant.
We are in the range D/J= 1 (we have used J=2p /r
= 5 K to estimate the exchange interaction between two
spins). The remanence is M„=0.21Mo, where Mo is the
saturation magnetization. For an assembly of nonin-
teracting, randomly oriented single-domain particles one
expects [15] M, =0.5MO. Hadjipanayis and co-workers
[16] pointed out that when there are ferromagnetic in-
teractions in the system, M, & 0.5MO, but if there are an-
tiferromagnetic interactions, M„&0.5MO. The reduced
M, is further evidence for interactions which can lead to
frustration.
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FIG. 3. Hysteresis curve at T=4.5 K for a sample with
a=0.02 obtained by field cooling.
Aharony and Pytte [17] showed within a mean-field
approach that for a system with ferromagnetic interac-
tions the local uniaxial anisotropy will destroy the long-
range order. In an Arrott plot, where M is plotted
against 0/M, the curvature should change at a specific
temperature. This temperature was found to be related
to the onset of the glassy behavior. Although the
Aharony-Pytte theory is only valid for weak anisotropy, a
similar change of curvature was also found in amorphous
ferromagnetic materials with both weak and strong an-
isotropy [3,18]. In all these materials the interaction
among magnetic moments is basically ferromagnetic. No
predictions exist for random anisotropic systems with
competing interactions. We show in Fig. 4 an Arrott plot
for our ferrofluid sample. A change of the curvature is
obvious at T ~ T „. „. A change of curvature in an Arrott
plot is not unique to amorphous ferromagnets; it also
occurs in a dipolar system with random anisotropy.
Magnetic relaxation results are presented in Fig. 5.
The sample was cooled in a field of H =100 6 from 150
to 15 K, at which point the field is cut to zero and the
time decay of the thermoremanent magnetization (TRM)
was recorded by the SQUID magnetometer. The data
are well fitted by a logarithmic form. However, we note
that similar in/ fits were observed over short time inter-
vals in spin glasses, but were later found to be inadequate
to describe the data over a large range [1]. From 10 to
10 sec the remanence decreases by only 20%, indicating
that the relaxation time is much longer than a few hours.
In the inset in Fig. 5 we show the logarithmic slope of the
decay versus T. It peaks at T & T,. „, as was also ob-
served in studies of the Au:Fe spin glass [19],amorphous
ferromagnets [16], and in the vortex state of high T, su--
perconductors [20].
The logarithmic time dependence and the nonmonoton-
ic temperature dependence for M(r) presented in Fig. 5
are consistent with the predictions of a recent model [21]
for nonexponential relaxation based on dipole-dipole in-
teractions. We note that nonexponential relaxation may
FIG. 4. Arrott plot, M vs H/M for a sample with a=0.02,
with a clear curvature change at T—36 K, characteristic of a
system with random anisotropy. Solid lines are guides to the
eye.
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FIG. 5. Time decay of the thermoremanent magnetization
for H =100 G, T=15 K. Within our time window, the decay
can be fitted by a logarithmic form (solid line). Inset: The
slope of the lnt fit, S, vs temperature. The peak in S is seen in
many types of glassy systems.
also be associated with a distribution of relaxation times
in the system, arising either (i) from competing interac-
tions among magnetic moments and disorder giving rise
to a multivalley structure in the free-energy surface or
(ii) from the distribution of the anisotropy energies.
When a magnetic field is turned ofI'; each moment at-
tempts to return to the easy-axis direction defined by the
anisotropy energy. The Neel relaxation time for this pro-
cess ls r~ = prexp(K V/kliT), where rp = 10 sec, and
K and V are the anisotropy constant and volume for
each particle, respectively [5]. The distribution of parti-
cle sizes produces a distribution of relaxation times. Us-
ing the value of E obtained from the hysteresis loop in
Fig. 3, we find z~ = 1.0X10 sec for a particle with the
average diameter occurring in our sample (50 A) at
T=4.5 K. A relaxation time longer than 10" sec would
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require a particle with a diameter larger than 190 A at
T=20 K. Even if such large particles are present, their
contribution to the magnetization is negligible. We con-
clude from the time dependence that the collective in-
teraction [21] plays an important role in the glassy be-
havior.
Given that both the dipole interaction and the RKKY
interaction [1] in metallic spin glasses are long range, one
might expect that they should behave in a similar
manner. Our experimental results indicate many com-
mon features between the dipole system and canonical
spin glasses, i.e., irreversibility, hysteresis, a peak in the
ZFC magnetization, and slow nonexponential relaxation.
Hysteresis in our system is more reminiscent of what is
found in Au:Fe spin glasses than what is seen in Cu:Mn
spin glass. The difference between the two spin glasses is
the presence of significant spin-orbit scattering in Au:Fe,
which causes local anisotropy [14]. The hysteresis loop of
Au:Fe has a smooth curve rather than an abrupt jump
seen in the Cu;Mn spin glass [14]. This feature is anoth-
er confirmation of random local anisotropy in our system.
There are two major differences between our system
and a standard spin glass. First, we find a curvature
change in the Arrott plot. von Molnar and co-workers
[18] compared random-anisotropy and spin-glass proper-
ties in several amorphous rare-earth alloys. They found
that for amorphous rare-earth ferromagnets the curva-
ture changes at a specific temperature in the Arrott plot,
and that this temperature is associated with the peak
temperature in the zero-field-cooled magnetization.
However, for the spin glass Gd037A1063, there is no curva-
ture change in the Arrott plot from a temperature above
Tg to temperatures below Tg, where Tg is the spin-glass
transition temperature. The results shown in Fig. 4 indi-
cate that our system behaves in this respect more like a
random-anisotropy system than a normal spin glass. A
second difference is that the FC curve of our quenched
ferroAuid sample continues to increase with decreasing
temperature, while for a spin glass the corresponding
curve Aat tens off below the freezing temperature.
Whether this increase in the FC magnetization below
T „. „, representing continuing degrees of freedom for the
spins below the nominal ordering, is unique to dipolar
systems with random anisotropy or a more general
phenomenon is not understood.
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